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Abstract
Enhanced Oil Recovery (EOR) and Improved Oil Recovery (IOR) processes improve oil recovery by improving pore scale
displacement, vertical sweep efficiency or areal sweep efficiency over that obtained from waterflooding. However, areal and
vertical sweep efficiencies are affected by the permeability distribution in the reservoir, which in most cases has a lot of
uncertainty. Hence, in order to select the best EOR process for a particular field, the reservoir engineer needs to generate
multiple equi-probable realizations of the reservoir permeability heterogeneity and run simulations of various EOR processes
on all the geological realizations. However, the simulation of any EOR process is a time and CPU consuming task. Hence, a
fast and accurate technique that is useful for quick and accurate engineering decisions on field management is required.
This study extends the work of Zhou et al (1997) by incorporating heterogeneity using the vorticity-determined
heterogeneity index proposed by Rashid et al (2012). The injected fluid breakthrough time and the recovery at one pore volume
of injected fluid (1PVI) are obtained as a function the dimensionless numbers: gravity to viscous ratio, mobility ratio and
heterogeneity index. Plots of these are used to identify phase boundaries which can then easily be related to various EOR
processes.
This study shows that the best representation of the permeability heterogeneity in the gravity-viscous number is the
geometric mean of the effective horizontal and vertical permeabilities. It also shows that this number can be used to
quantitatively characterize flow in heterogeneous reservoirs. A quick look at the heterogeneity index also shows the inter-
relationship between the gravity and heterogeneity numbers can be combined to predict the impact of heterogeneity on gravity
influenced flow.
Introduction
As exploration prospects suffer from depletion, the ability to obtain more from what has already been found through EOR/IOR
processes becomes of progressively greater importance as a source of additional supply (Watkins et al, 1985). Hence, the
importance of EOR processes cannot be over-emphasized. The efficiency of an EOR process is determined by the interaction
of the factors influencing the flow of oil in porous media (for instance gravity, density and viscosity differences between the oil
and displacing fluid) with the reservoir heterogeneity. Hence, an understanding of these factors and their interactions is vital to
selecting the best EOR process for a particular field.
The flow of fluid in a reservoir is influenced by the following factors: the flow rate, the viscosity ratio of the oil and
displacing fluid (mobility ratio), the density difference, reservoir heterogeneity, and capillary pressure curves amongst others.
The relative impacts of these factors determine the flow regime of the reservoir (Zhou et al. 1997). These ultimately affect the
sweep efficiency in the reservoir.
Layering and the difference in permeability could lead to the displacing fluid flowing preferentially through the more
permeable layer resulting in the lower permeability layers being partially swept depending on if the flow is dominated by
viscous effects, capillary effects or gravity. Reservoir heterogeneity has long been recognized as an important factor in
determining reservoir performance (Li and Lake, 1995). The effect of heterogeneity on oil recovery has been studied leading to
the conclusion that different reservoir heterogeneities affect recovery in different ways (Weber, 1982; Kjondsvik et al., 1994;
Coll et al., 2001; Choi et al., 2011). An adverse viscosity ratio exacerbates these effects in a reservoir (Wright et al. 1983).
However, gravity effects may or may not be important depending on the reservoir heterogeneity. In addition the difference in
density between the oil and displacing fluids could lead to gravity settling or over-ride which would lead to an early
breakthrough (Dietz, 1953; Fayers and Muggeridge, 1990).
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However, there is usually a huge uncertainty in the distribution of reservoir heterogeneity in the reservoir. In order to be
able to incorporate this heterogeneity uncertainty in the process of selecting the best EOR process for a particular field, the
reservoir engineer should develop a host of equi-probable realizations of this heterogeneity. Detailed simulations are then
carried out on each of these realizations using different proposed EOR schemes. There is however a limitation in ease of use
and speed brought on this by time and CPU capability.
The effects of viscosity, gravity, capillarity and dispersion on flow in reservoirs have been studied extensively in literature
(Dietz, 1953; Arya et al., 1988; Fayers et al., 1990; Rashid et al., 2012). The relative importance of these effects can be
analysed using dimensionless numbers which are obtained through either dimensional analysis (Buckingham, 1914) or
inspectional analysis (Ruark, 1935; Shook et al., 1992, Zhou et al., 1997) of the equations of motion and mass conservation.
Zhou et al (1997) tried to combine the dimensionless numbers to accurately assess flow. Their study came up with a 3D phase
diagram showing the different flow regimes. The study however did not demonstrate enough evidence that the regimes
indicated are typical of results obtained in practice. More so, the study did not take into account the reservoir heterogeneity. A
number of works (e.g. Dykstra et al., 1950; Koval, 1963; Arya et al., 1988; Moissis et al., 1990; Lake et al., 1991; Shook et al.,
2009; Rashid et al., 2012) have tried to quantify the impact of reservoir heterogeneity using a dimensionless number.
This study seeks to develop a fast and accurate method of evaluating the relative impacts of heterogeneity, gravity and
viscosity on reservoir performance. We propose using dimensionless numbers (gravity to viscous ratio, mobility ratio and the
heterogeneity dimensionless number) to characterize the flow of oil in the subsurface. This can then be related to a broad range
of EOR processes without having to carry out detailed simulations of the numerous geological realizations of the reservoir.
We will use the gravity-viscous dimensionless number (Fayers et al., 1990), the mobility ratio and the vorticity-determined
heterogeneity index (Rashid et al., 2012) to determine the flow regime of heterogeneous reservoirs. Subsequently, we will be
using this to identify limiting flow regimes and to establish the range of values of the dimensionless numbers over which
transitions from one region to another occur.
A major challenge to be faced in this study is ascertaining which representation of permeability (K) to use in the gravity-
viscous dimensionless number; either the effective horizontal (kh), effective vertical (kv), maximum or minimum permeability.
The permeability to be used must be robust enough to capture the effect of heterogeneity as well as layering on oil recovery.
Dimensionless Numbers in Reservoir Engineering
Dimensionless numbers are widely used in mathematics, physics, engineering and even economics. They have become
common place as a result of having the advantage of not being associated with physical dimensions. Usually, dimensionless
numbers are products or ratios of dimensional quantities. As a result, they easily present obvious relationships between
component quantities. For example, a value of one implies that the quantities are equal in magnitude.
Dimensionless numbers are not new concepts in reservoir engineering. They have been used in the past extensively to scale
results obtained from laboratory experiments to full field scale for complex multi-phase flows. Recent developments have seen
them used to rank the various geological realizations of a reservoir on the basis of performance (Shook et al, 2009). Coll et al
(2001) and Stephen et al (2001) have also shown how dimensionless numbers can be used to select the best upscaling method
for a reservoir.
From the equations of motion and conservation of mass, dimensionless numbers that express the relative importance of the
various flow regimes in a reservoir are obtained. This could be through two different methods of analysis. Buckingham (1914)
presented the breakthrough work on dimensional analysis. The Pi Theorem presented in that work was instrumental in the
solution of the Navier-Stokes’ equation. It was also used in the development of some dimensionless numbers, for example the
Reynolds number. An improved method was published by Ruark (1935) and this was called inspectional analysis.
Dimensional analysis assumes that the physical processes are independent of the measurement scale units when the
appropriate dimensionless numbers are defined. These are determined from the mathematical equations describing the system
on a trial and error basis, combines these variables into independent dimensionless groups. From a list of the dimensional
parameters involved, a set of fundamental dimensions is selected. Then a set of dimensional parameters that includes all the
fundamental dimensions is selected. A dimensional equation, obtained by trial and error, is then set up which combines the
parameters to form dimensionless groups in an intuitive manner. If this is not dimensionless, the step is repeated until it is
dimensionless.
Inspectional analysis builds on the foundation of dimensional analysis and mathematically tests the dimensional equation
obtained from the dimensional analysis against the parameters from which it was formulated. Since inspectional analysis is a
parameter rather than dimensions procedure, it can produce dependent dimensionless scaling groups (Novakovic, 2002). The
dependence of such dimensionless groups leads to the system being over-determined. Shook et al (1992) proposed a means of
tackling this. They suggested a reduction in the number of dimensionless groups to obtain the minimum number of the most
succinct form of independent dimensionless numbers.
These two methods have been used either in conjunction or on a stand-alone basis to formulate dimensionless numbers
that have been used to describe flow. The differences arising from using different approaches has led to some extent of
variations in the various published dimensionless numbers.
Using Dimensionless Numbers to Select EOR Processes 3
Methodology
In this study, we have used the simulation software first presented by Christie and Bond (1987) to determine the performance
of a number of model reservoirs as a function of flow regime. This performance was then compared with the dimensionless
numbers used to characterize these flow regimes (mobility ratio, gravity number, heterogeneity number). The simulation
algorithm was validated against the Blackwell et al. (1959) experimental results. It has also been validated in the works of
Christie and Bond (1987), Christie (1989), Christie et al. (1990), Muggeridge et al. (2002) and Muggeridge et al. (2005)
amongst others. The program was developed using an implicit pressure, explicit saturation (IMPES) simulator that was written
to take advantage of accurate numerical methods based on two-point upstream weighting. Unwanted oscillations that are
generated as a result of the two-point upstream weighting are removed by incorporating flux-corrected transport (FCT). The
program was designed to be fast and accurate. This is achieved by using the afore-mentioned method as well as including only
the physics essential in describing unstable miscible flow. Hence, the algorithm can be used on to produce detailed simulation
of unstable flow. In the development of this algorithm, the following assumptions were made:
1. Incompressible Darcy flow
2. Two phase flow of three components – water, oil and solvent
3. Oil and solvent first contact miscible
4. Oleic-phase viscosity represented by the quarter-power mixing rule
The algorithm includes the effect of physical diffusion and dispersion. A full description of the algorithm as well as the
mathematics is documented in Christie and Bond (1987).
We used the mobility ratio, the gravity-viscous number, and the vorticity-based heterogeneity index (all described below) to
characterize flow. All inputs used in this study were also dimensionless.
Mobility Ratio:
The mobility ratio, M, is defined as the ratio of the mobility of the displacing phase to that of the displaced phase in a
secondary or tertiary recovery process.= ( )( ) ……………….... (1)
where ( )the relative permeability of the reservoir rock to oil at connate water saturation, (1 − ) is the water
relative permeability at residual oil saturation, is the water viscosity and is the oil viscosity in a water displacement
recovery process.
When M≤1, this implies that the displacement process is unconditionally stable. In this scenario, a fairly uniform front
separates the mobile oil phase and the water phase. No viscous fingering effect occurs. This leads to high recovery
When M>1, the displacement is unstable. Since the displacing phase is more mobile than the oil, this leads to viscous
fingering, early breakthrough and consequently, a lower recovery as compared to when M≤1.
Gravity-Viscous Number:
In this study, we will be using the gravity-viscous dimensionless number that is an inverse of the one defined by Fayers and
Muggeridge (1990)
We define the gravity-viscous dimensionless number as= …………………. (2)
where is the density difference between the displaced and the displacing fluids, is the total flow velocity, is the
mobility of the displaced fluid, is the reservoir length, is the reservoir thickness and is the permeability heterogeneity
representation.
This is a ratio of the gravity and viscous effects that influence the Darcy scale flow of fluids in the reservoir. For a
homogeneous reservoir, the value of G is greater than 1 (G>1) when the gravity effects dominate as the value of the numerator
exceeds that of the denominator. The higher this number is above 1, the more dominant the gravity effects and if the mobility
ratio is also greater than 1, the more likely the formation of the gravity tongue. When viscous effects dominate (viscous-
dominated flow), this value is less than one (G<0.1) since the denominator is now greater than the numerator. The smaller this
value is, the more the effect of viscous fingering. This effect is exacerbated by the viscosity difference between the displaced
and displacing fluids. There is a transition period between these two bounds.
The challenge erstwhile has been which permeability value was the most appropriate representation of the permeability
heterogeneity. To investigate this, we used a simple homogeneous one-layered model and ran simulations on it at a constant
gravity-viscous number (G = 1). Three different representations of the permeability value in the G number were examined.
1. The effective vertical permeability (as suggested by Fayers and Muggeridge, 1990) which is obtained as the harmonic
mean (Equation 3) below.
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= …………………. (3)
2. The effective horizontal permeability (as suggested by Dietz, 1953) which is obtained as the arithmetic mean
(Equation 4) below. = …………………. (4)
3. The geometric mean of the effective horizontal and vertical permeabilities (combining Fayers et al (1990) gravity
viscous number and Shook et al (1992) effective aspect ratio).
Shook et al (1992) described an effective aspect ratio as= ………………… (5)
Combining Equation 2 and 5, we arrive at= ∗ …………………. (6)
Simplifying, we obtain = …………………. (7)
Therefore, the permeability representation in the gravity-viscous number is taken as= × …………………. (8)
Heterogeneity Index:
In order to capture and quantify the impact of the reservoir heterogeneity on reservoir performance, we will be making use of
the heterogeneity index in this study. There are a number of them in literature (Koval, 1963; Arya et al, 1988; Moissis et al,
1990; Shook et al, 2009). However, most of these indices are empirical in nature. In this work, we will be using the vorticity-
based heterogeneity index developed by Rashid et al (2012).
Heller (1966) showed that the vorticity of the displacement velocity (Vd) describes the rate of change occurring along the
interface between two miscible fluids. Using a characteristic time to non-dimensionalize this (Rashid et al, 2012), we obtain∇ ×| | = 1∅ | | ln + ∆| | − 1| | ∇ ∇. . ∇|∇ | × ∇ + ∇ ln∅ × | | ………… (9)
where v is the Darcy velocity vector at any location r, D is the dispersion tensor and c is the concentration and ∅ is the
porosity.
The four terms on the right-hand side represent a mobility term, a gravity-viscous term, a diffusion term and the last term in
the equation which defines the heterogeneity index as= ∇[ ∅ ] × | | ………………….. (10)
Equation 9 suggests that the dimensionless number with the highest value will determine the dominant flow regime. At a
constant mobility ratio and ignoring the effect of diffusion, if gravity effects are large, the effect of heterogeneity is diminished.
However, heterogeneity plays a vital role when the flow moves from being slightly gravity-dominated to being fully viscous-
dominated. In order words, the impact of heterogeneity on the gravity-viscous number can either lead to earlier breakthrough
(and low recovery) by increasing the perturbation effect at the interface or delay breakthrough (and increase recovery) by
reducing the perturbation effect at the interface. The first effect is most pronounced when the reservoir fines upwards (HI>0)
while the second effect is most pronounced when the reservoir fines downwards (HI<0) for a waterflood. The reverse is true
for a gasflood. This is consistent with the observation of Permadi et al (2004) while studying the effect the fining downwards
of a reservoir has on oil recovery in waterflooding.
We have investigated the impact of heterogeneity on performance by exploiting the relationship∝ ∇ ln ………………….. (11)
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Permeability Anisotropy
We explored the three different representations of the permeability values in the gravity-viscous number by considering a
homogeneous anisotropic system. Using a 20×20 grid size, simulations of first contact miscible (FCM) and two-component
flow were carried out. This coarse grid size was chosen in order to reduce run times and reach speedy conclusion with regards
to the permeability representation to use in this study. The model properties and the parameters used for this analysis are
presented in Table 1. kh was kept constant while kv was varied. Simulations were carried out at these different values at a
constant gravity-viscous number of G=1, that is when neither gravity nor viscous effects dominate. This was done for the three
different permeability representations under consideration as discussed under the gravity-viscous number. The time to
breakthrough and the oil recovery at 1PVI were obtained in all cases.
Table 1: Model properties and parameter variations used in the permeability anisotropy analysis
Model Properties
Grid size 20x20
Grid cell aspect ratio (H/L) 0.545
Density contrast 0.5
First contact miscible displacement
Quarter power mixing rule for
viscosities
Parameter Variations
Permeability (kh) 100
Permeability (kv) 0.01, 0.1, 1, 10, 100, 1000
Viscosity ratio μo/μs 10
Gravity-viscous dimensionless number 1
Heterogeneity, Gravity and Flow Regime
Using a homogeneous, isotropic system and a two-layered, isotropic system with either a horizontal or vertical configuration
(as described in Figure 1 below), detailed numerical simulations of first contact miscible (FCM), two component flow were
carried out to determine the relative impacts of mobility ratio between the oil and solvent, gravity and reservoir heterogeneity
on time to breakthrough and oil recovery at one pore volume of solvent injected (1PVI). The process of recovery simulation
involved imposing a constant rate solvent injection at the injection well into the reservoir that was initially filled with oil and
imposing a constant bottom-hole pressure at the production well.
(a) (b)
Figure 1: Two-layered system with (a) horizontal configuration with one layer above the other and (b) vertical configuration with the
two layers beside each other
The model properties as well as variation parameters used in the study are presented in Table 2 below. This grid size was
chosen based on earlier grid sensitivity studies by Rashid et al (2012).
k1
k2
k2k1
l2l1L
h1
h2
H
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Table 2: Basic simulation model properties and variation parameters used
Model Properties
Grid size 100x100
Grid cell aspect ratio (H/L) 0.545
Density contrast 0.5
First contact miscible displacement
Quarter power mixing rule for
viscosities
Parameter Variations
Permeability heterogeneity k = k1:k2
100:1, 10:1, 2:1, 1:2, 1:10,
1:100
Viscosity ratio μo/μs 2, 5, 10, 20
Layer thickness ratio l1/l2 0.1, 0.3, 0.5, 0.7
Gravity-viscous dimensionless number 0.001 - 10000
Taking a 5-layered system (Figure 2), we varied the permeability values of the layers in order to obtain the gradient of the
natural logarithm of the permeability (Equation 11) which is a measure of the heterogeneity. Different layer combinations
were chosen to represent the whole range of HI values obtained. Simulations were then run on the chosen configurations at
different values of gravity-viscous number. Table 3 shows the model properties used and the parameter variations.
Figure 2: Five-layered system used to investigate the effect of heterogeneity as captured by the heterogeneity index. Different
representative combinations of k1, k2, k3, k4, and k5 were chosen in order to capture the whole range of heterogeneity
Table 3: Model properties and parameter variations used in the heterogeneity index analysis
Model Properties
Grid size 20x20
Grid cell aspect ratio (H/L) 0.545
Density contrast 0.5
First contact miscible displacement
Quarter power mixing rule for
viscosities
Parameter Variations
Permeability 1, 10, 20, 50, 100
Viscosity ratio μo/μs 10
Gravity-viscous dimensionless number 0.1, 1, 2, 10, 20, 100
Hence, from Figure 2, ∇ ln = + + + ………. (12)
Taking h1 = h2 = h3 = h4 = h5 = ∆h, Equation 10 becomes∇ ln = ∆ ……….. (13)
This analysis is only an approximation as it assumes that permeability varies linearly between layer centres. However, the
simulation assumes that each layer has a constant uniform permeability in which case there is an infinite permeability gradient
at the layer boundaries. We shall see that nonetheless this approximation works well.
k1
k2
k3
k4
k5
h1
h2
h3
h4
h5
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Results and Discussion
Permeability representation in gravity-viscous number: homogeneous anisotropic case
The results of the analysis carried out on the gravity-viscous number to determine the best permeability representation is
presented. Figure 3 shows the oil recovery plots for the two different representations of the permeability term in the gravity-
viscous number (the effective vertical permeability and the effective horizontal permeability). An unexpected trend is observed
in the case where the effective vertical permeability is used in Figure 3(a). The results indicate that the oil recovery increases
as the vertical permeability increases. We expect that as the vertical permeability increases, the formation of a gravity tongue is
enhanced. This leads to an early breakthrough of the displacing phase and ultimately leads to a lower recovery.
This expected trend was observed in Figure 3(b) where the effective horizontal permeability was used in the calculation of
the gravity number. Fayers and Muggeridge (1990) have already suggested that the gravity-viscous number is affected by the
effective vertical permeability since the permeability that controls flow in the direction of gravity is the vertical permeability.
The result of combining the Fayers and Muggeridge (1990) gravity-viscous number with the Shook et al. (1992) effective
aspect ratio is presented in Figure 4. Figure 4 (a) shows the plot of the breakthrough time as a function of the permeability
anisotropy while Figure 4 (b) shows the plot of the oil recovery at one pore volume of solvent injected (1PVI). The results
presented in each plot display the expected trend where the breakthrough time decreases and the oil recovery decreases as the
effective vertical permeability increases. This suggests that the geometric mean of the horizontal and vertical permeability of
the reservoir is the appropriate representation of the reservoir heterogeneity in the gravity-viscous number.
(a) (b)
Figure 3: Recovery plots as functions of the permeability anisotropy for a 20x20 single-layered model with the permeability
representation in the gravity-viscous number as (a) the effective vertical permeability and (b) the effective horizontal
permeability
(a) (b)
Figure 4: Results of using the gravity viscous number using the geometric mean of kv and kh: Plots of (a) breakthrough time and (b)
recovery at 1PVI as functions of permeability anisotropy. G=1
Results – Layered System
Figure 5 shows the performance plots for a homogeneous and isotropic system when M=10. As flow changes from being
viscous-dominated (G<0.1) to being gravity-dominated (G>10), the breakthrough time and oil recovery at 1PVI both decrease.
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This decrease is due to the formation of a gravity tongue. This leads to the solvent breaking through earlier than in the viscous-
dominated region. This can be exacerbated by the gravity difference between the oil and the solvent.
For the two-layered system, K was obtained by estimating the effective horizontal and vertical permeabilities. When the
layers are parallel to flow (Figure 1a), the effective horizontal permeability is the arithmetic average and the effective vertical
permeability is the harmonic average. The geometric mean of these two was then calculated using Equation 8. Figures 6 and 7
show the concentration plots for gravity-viscous numbers of G=0.01, 0.1, 1, 10 and 100. As G increases, the viscous fingers
established in the viscous-dominated region give way to a gravity tongue in both cases.
We considered the impact using the new improved gravity-viscous number will have on results by comparing to those
obtained by using either the harmonic or arithmetic averages as the permeability term in Equation 2. Figure 8 shows the
breakthrough time as a function of the gravity-viscous number when M=2 for the two-layered system shown in Figure 1a
when the more permeable layer is above. Figure 8a is the case when the harmonic mean (Equation 3) is used as the effective
permeability representation in the gravity-viscous number (Equation 2) whereas Figure 8b is the case when the arithmetic
mean (Equation 4) is used as the effective permeability.
Using the improved gravity-viscous number (Equation 7), Figures 9 and 10 show the breakthrough time as a function of
the gravity-viscous number for the cases when M = 2 and M = 20. Figure 9 is the case where the more permeable layer is
above while Figure 10 shows the result when the less permeable is above. A comparism of Figures 8 and 9a show the
improvement obtained by using Equation 8 as the permeability representation in Equation 2. When k=100:1, the effective
permeability changes from 1.01 to 50.5 to 7 in Equations 3, 4 and 8 respectively. This shows a maximum change in G of a
factor of 50. This is a small change when plotted on a logarithmic scale. The main improvement in using Equation 8 is when
we have an anisotropic system with a very low kv.
Figure 9 shows that breakthrough time decreases with increasing gravity-viscous number. This response is the expected
trend and consistent with that obtained in a homogeneous, isotropic system (Figure 5a). When the flow is viscous-dominated
(when G is low), the breakthrough time is much later than when the flow becomes more gravity-dominated.
(a) (b)
Figure 5: Plots of (a) breakthrough time, and (b) recovery at 1PVI as functions of gravity-viscous number for a homogeneous,
isotropic system when M=10.
Figure 6: Concentration maps for layered model when layering is in the direction of flow (Figure 1a); the more permeable layer is
above (k=100:1); profiles at 0.2PVI and G=0.01, 0.1, 1, 10 and 100 from left to right. Solvent is red and oil is blue.
Figure 7: Concentration maps for layered model when layering is in the direction of flow (Figure 1a); the less permeable layer is above
(k=1:100); profiles at 0.2PVI and G=0.01, 0.1, 1, 10 and 100 from left to right. Solvent is red and oil is blue.
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(a) (b)
Figure 8: Plot of breakthrough time as a function of gravity-viscous number when the permeability is represented by the (a) harmonic
mean (Equation 3), and (b) arithmetic mean (Equation 4). M=2 and layers are in the direction of flow (Figure 1a) and the
more permeable layer is above.
(a) (b)
Figure 9: Breakthrough time as a function of the gravity-viscous number in the case when the more permeable layer is above with (a)
M=2 and (b) M=20. Layers are parallel to flow and perpendicular to gravity (Figure 1a). The permeability term is represented
by Equation 8.
(a) (b)
Figure 10: Breakthrough time as a function of the gravity-viscous number in the case when the less permeable layer is above with (a)
M=2 and (b) M=20. Layers are parallel to flow and perpendicular to gravity (Figure 1a). The permeability term is represented
by Equation 8.
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This is due to the formation of the gravity tongue (Figures 6 and 7). Also, as the mobility ratio increases, there is a
general decrease in the breakthrough time as expected. This is because as the viscosity contrast between the displaced and
displacing fluid becomes more adverse, the effect of viscous fingering becomes more pronounced which leads to the displacing
fluid breaking-through earlier.
As stated earlier, the gravity-viscous number presents an easy classification of flow regimes for a homogeneous reservoir.
As seen in Figure 9, this classification is not as simple for heterogeneous reservoirs. The transition between viscous and
gravity-dominated flows occurs over a wider range of gravity-viscous number. As observed from the plots, the transition
occurs from about G=0.1 to G=10. Ideally we want to have a gravity to viscous number where the transition always occurs
around G=1 regardless of the heterogeneity.
However, this trend is not observed in Figure 10 which occurs when the less permeable layer is above. In the gravity-
dominated region (G>1), there is a delay in breakthrough time. This is more pronounced in the M=20 case especially when the
permeability contrast between the layers is highest (k = 1:100). In order to understand this behaviour, we will examine the
concentration profile at values of k = 100:1 (Figure 6) and k = 1:100 (Figure 7). These two will help demonstrate the
difference between the two cases when the more permeable layer in above and vice versa.
This is due to the interplay between the gravity and the viscous effects as seen in Figures 6 and 7. In Figure 6, viscous
fingering can be seen in the concentration maps when G<1. When G=1, the viscous fingers are being dampened out and the
development of the gravity tongue is observed. This is the expected trend. However, in Figure 7, most of the flow is in the
more permeable layer in the viscous-dominated region. When G=1, the onset of the gravity tongue is observed in the more
permeable layer. However, this is slow to kick-off in the less permeable layer. By the time G=100, flow in both layers is fully
gravity-dominated with established gravity tongues. This interplay between the gravity and viscous forces is the reason for the
observed delay in breakthrough observed in Figure 6.
Figure 11 shows the oil recovery at 1PVI as a function of the gravity-viscous number for different values of mobility
ratio for layers parallel to the direction of flow. Each plot is at a specific value of permeability ratio (k) of the two layers which
is the ratio of the permeability of the layer closer to the injection well to that of the other layer. As seen from the plots, the oil
recovery is independent of the viscosity difference between the displacing and displaced fluids when the flow is fully gravity-
dominated. However, oil recovery is largely dependent on the difference in viscosity between the two fluids when the flow is
viscous-dominated.
Figure 11 also shows that the larger the contrast between the viscosities (M=20), the lower the oil recovery as this leads
to increased channelling of the less viscous fluid. This is also the reason why there is less difference in oil recovery both when
flow is viscous-dominated and when it is gravity-dominated when M=20. This implies that as flow gets more gravity-
dominated, the effects of gravity and the viscosity contrast between the fluids balance out yielding only slight differences in the
oil recovery (M=20). There is however an initial delay in this phenomenon taking effect as seen by the trough observed in the
region where flow is transiting from being viscous-dominated to gravity-dominated.
The second scenario examined using the layered system is when flow is perpendicular to layering (Figure 1b).Here, the
effective horizontal permeability is the harmonic average (Equation 3) and the effective vertical permeability is the arithmetic
average (Equation 4). Figure 12 shows the how the breakthrough time varies as a function of gravity-viscous number. K was
obtained by calculating the effective horizontal and vertical permeabilities for the two layers and the geometric mean was
obtained using Equation 8. As expected, the breakthrough time decreases as the gravity-viscous number increases in both
cases. This emphasizes the fact that as flow becomes more gravity dominated, the time to breakthrough is reduced. For the case
when the less permeable layer is the closer to the injection well, it is observed that the permeability contrast between the two
layers has little effect on the time to breakthrough. This is also true to some extent when the more permeable layer is closer to
the injection well.
There is however a difference in the profile of the breakthrough time for the two scenarios when flow is viscous-
dominated. In the case when the less permeable layer is closer to the injection well, the more the contrast between the
permeability of the two layers, the longer it takes to breakthrough. This same response is observed in the gravity-dominated
region of the case when the more permeable layer is closer to the injection well. However, an inverse response is observed in
the viscous-dominated region for second scenario. In this region, breakthrough occurs more rapidly when the more permeable
layer is closer to the injection well. This is most likely due to the fact that the more permeable layer allows the formation of a
few fingers which are able to reach the production well faster and leads to early breakthrough. These suggest that the
permeability of the layer closer to the injection well is the limiting factor in the breakthrough time for this system.
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(a) (b)
(c) (d)
Figure 11: Plots of recovery at 1PVI as a function of gravity-viscous number at k ratios of (a) 100:1, (b) 10:1, (c) 2:1, and (d) 1:2 for
different mobility ratios. G is represented by Equation 7 and the layers are perpendicular to direction of flow (Figure 1b)
(a) (b)
Figure 12: Breakthrough time versus gravity-viscous number for M=10 when (a) more permeable layer is closer to injection well, and
(b) less permeable layer is closer to injection well. G is represented by Equation 7 and layers are perpendicular to flow
(Figure 1b)
We also investigated the effect of varying the thickness of the layers. We considered layer thickness ratios (l1/l2) of 0.1,
0.3, 0.5, and 0.7 with this ratio being the thickness of the layer closer to the injection well to that of the other layer. Figure 13
shows the oil recovery at 1PVI for different values of layer thickness ratio at M=2 and M=10.
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Once again, the oil recovery is not affected by difference in mobility values of the displacing and displaced fluids when
flow is gravity-dominated. However, recovery is highly dependent on this difference in mobility values when flow is viscous-
dominated.
Figure 13 shows that the oil recovery is not highly sensitive to the layer thickness ratio (l1/l2). Similar results were
obtained when the less permeable layer was closer to the injection well. This further suggests that the recovery is controlled by
the permeability of the layer closer to the injection well. However, this is subject to the fact that the prevalent flow regime has
developed in that layer. This sensitivity to layer thickness ratio increases as the permeability contrast between the two layers
increases.
(a) (b)
(c) (d)
Figure 13: Recovery at 1PVI versus gravity-viscous number for thickness ratios of 0.1, 0.3, 0.5, and 0.7 at M=2 and M=10 with (a) k =
2:1, (b) k = 1:2, (c) k = 10:1 and (d) k = 1:10. G is represented by Equation 7 and layers are perpendicular to flow (Figure 1b)
Heterogeneity and performance
Using Equations 7 and 13 for the gravity-viscous number and the heterogeneity index analysis, we analysed the impact of
gravity and viscous effects and heterogeneity on reservoir performance. Figure 14 shows the recovery at 1PVI and the
breakthrough times for heterogeneous cases and the homogeneous case as functions of the gravity-viscous number. In the
homogeneous case, HI=0. When flow is viscous-dominated, the homogeneous system takes longer to breakthrough when
compared to all the heterogeneous cases and hence has a higher oil recovery in this region. This is consistent with engineering
interpretations. However, there is a crossover at approximately G=1 (when flow is neither viscous-dominated nor gravity-
dominated). As a result of the gravity forces, heterogeneity now improves breakthrough time and recovery more than that
obtained when the reservoir is homogeneous.
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(a) (b)
Figure 14: (a) Breakthrough time as s function of gravity-viscous number for heterogeneous and homogeneous systems, and (b)
recovery at 1PVI as a function of gravity-viscous number for heterogeneous and homogeneous systems
Figure 15 shows the oil recovery at 1PVI as a function of the heterogeneity index (Equation 11) for different values of
the gravity-viscous number. At very high values of G (very gravity-dominated flow) the oil recovery is always low regardless
of the heterogeneity index. This is consistent with the explanation given on Equation 9. This implies that the gravity-viscous
term dominates and its high value diminishes the effect of heterogeneity and increases the perturbation at the interface. This is
also consistent with the result of Rashid et al (2012)
Also, at low values of G (viscous-dominated flow), oil recovery is generally large. However, as seen from Figure 15, the
oil recovery in this region is not very sensitive to the layer ordering. This observed high recovery is consistent with what is
expected physically although the heterogeneity index does not capture this appropriately as it is dependent on layering
ordering. This suggests that the formulation of the heterogeneity index presented in Equation 10 still needs some development.
The impact of the heterogeneity on the gravity-viscous number as discussed earlier is observed when G=10. It fully shows
how the effect of gravity on oil recovery can be mitigated or exacerbated by the reservoir heterogeneity. Oil recovery is highest
when the heterogeneity index is smallest which represents the case when the permeability decreases upwards and is smallest
when the heterogeneity index is highest which represents the case when the permeability increases upwards. This confirms the
theory suggested earlier on the interaction of the gravity-viscous number and the heterogeneity index and their impact on oil
recovery.
The fact that the greatest sensitivity to heterogeneity occurs when G=10 suggests that the heterogeneity index ought to be
a factor of 10 higher. This is because it is expected that the greatest sensitivity should occur when flow is neither fully viscous-
dominated nor fully gravity-dominated (G=1).
(a) (b)
Figure 15: (a) Plot showing oil recovery at 1PVI as a function of heterogeneity index at varying gravity-viscous number, and (b) Plot
showing how oil recovery varies with gravity-viscous number irrespective of the heterogeneity index
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.1 1 10 100
Br
ea
kt
hr
o
u
gh
 
tim
e
Gravity-viscous number
HI=2.11
HI=1.06
HI=0.32
HI=0
HI=-1.06
HI=-1.37
HI=-2.11
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.1 1 10 100
R
ec
o
v
er
y 
a
t 1
PV
I
Gravity-viscous number
HI=2.11
HI=1.06
HI=0.32
HI=0
HI=-1.06
HI=-1.37
HI=-2.11
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
-3 -2 -1 0 1 2 3
Recovery at
1PVI
Heterogeneity index
G=100
G=20
G=10
G=2
G=1
G=0.1
2.1
0.3
-1.4
1002010210.1
Heterogeneity
Index
Recovery at
1PVI
Gravity-viscous number
14 Using Dimensionless Numbers to Select EOR Processes
Conclusions and Recommendations
We have used dimensionless numbers to characterize flow in the presence of heterogeneity. We carried out detailed
simulations of First Contact Miscible solvent injection in homogeneous and layered reservoirs. Since dimensionless numbers
were used, the results obtained can be extended to any EOR process with the same values of the dimensionless numbers.
Using the different measure of reservoir performance (breakthrough time and oil recovery at 1PVI), we have explored the
possible different representations of the permeability heterogeneity in the gravity-viscous number of Fayers et al (1990) and
have shown that the geometric mean of the effective horizontal and vertical permeabilities of a reservoir presents the best
result. For any homogeneous or heterogeneous system (whether anisotropic or not), we calculate this by obtaining the effective
horizontal and vertical permeabilities. When layers are parallel to flow, the effective horizontal permeability used is the
arithmetic average while the harmonic average is the effective vertical permeability. When layers are perpendicular to flow, the
harmonic average is the effective horizontal permeability and the arithmetic average is the vertical permeability. The number
we arrived at is similar to the one used by Craig et al (1957) in their analysis. Unlike in homogeneous systems, the transition
from viscous-dominated to gravity-dominated is not as abrupt and well defined for heterogeneous systems. Using the improved
formula for all the heterogeneous systems investigated, flow is viscous-dominated when G<0.1 and gravity-dominated when
G>10. This is still consistent with the gravity number in homogeneous systems (Fayers et al., 1990). Also the larger the
viscosity contrast between the oil and the solvent, the lower the oil recovery as it leads to more channelling of the less viscous
fluid.
Generally, the injected solvent takes longer to breakthrough when flow is viscous-dominated than when it is gravity-
dominated. In a layered system when layering is in the direction of flow, layer-ordering becomes important when flow is
gravity-dominated. We showed that when the less permeable layer is above, there is an increase in oil recovery since
breakthrough of solvent is delayed. This is because the gravity tongue is slow to kick off in the less permeable layer above.
When layering is perpendicular to flow, results suggest that the permeability of the layer closer to the injection well has the
higher impact on the breakthrough time for the system. This happens when the prevalent flow regime has already developed in
that layer.
We have explored the vorticity-derived heterogeneity number (Rashid et al, 2012) to understand the impact of
heterogeneity; how the fining-upwards and fining-downwards of layer permeability impacts flow. We have also demonstrated
the interaction between the gravity-viscous number and the heterogeneous index in heterogeneous flow in porous media.
Specifically, we found that when the flow is highly gravity-dominated (G=100) oil recovery is low regardless of reservoir
heterogeneity. Also, oil recovery increases as the permeability decreases upwards and decreases otherwise.
We have considered First Contact Miscible (FCM) displacement in this study. This is typical of gas injection processes.
As a result this result shows how these dimensionless numbers can be applied to gas injection as an EOR process. This result
can be extended to other EOR processes. For example, polymers can be added to water as a chemical EOR process. This
essentially reduces the mobility ratio, M and hence mitigates the effect of channelling. The same mechanism applies to foam
flooding which also reduces M. Further work is needed to verify this approach applies to these displacements which involve
immiscible flows (for example polymer flooding) and additional physics (for instance foam or surfactant injection).
The heterogeneity index used is sensitive to layer ordering. As a result, this analysis should be carried out with a more
general heterogeneity index. Also, the analysis should be extended to more geologically realistic heterogeneous models. When
this is done, we then propose that a phase diagram be made using the heterogeneity index, the gravity-viscous number and the
breakthrough time (or any other performance measure). This will help understand how any particular EOR process will
perform in any heterogeneous reservoir.
Nomenclature
c Concentration
D Dispersion tensor
G Gravity-viscous number
g Acceleration due to gravity
H Reservoir height
HI Heterogeneity index
hi Thickness of layer i
K Permeability term
kh Effective horizontal permeability
kv Effective vertical permeability
kro(Swc) Relative permeability of the reservoir rock
to oil at connate water saturation
krw(1-Sor)Relative permeability of the reservoir rock
to water at residual oil saturation
ki Permeability of layer i
L Reservoir length
li Length of layer i
M Mobility ratio
q Flow velocity
RL Aspect ratio (Shook et al 1992)
r Location vector
Vd Displacement vorticity
v Darcy velocity vector∅ Reservoir porosity
μo Oil viscosity
μw Water viscosity
λo Oil mobility
Δρ Density difference between oil and solvent
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Appendix A – Milestones Summary
Table 4: Milestones in literature review
Paper No Year of
Publication
Title Authors Contribution
API (pp. 160-174) 1950 “The Prediction of Oil
Recovery by Water-flood”
Dykstra, H.
and Parsons,
R.L
Developed a measure of heterogeneity known as
the Dykstra-Parsons coefficient: a dimensionless
measure of sample variability or dispersion of the
static permeability data
Prod. Monthly 15:9
(pp.9–12)
1950 “The Variation of
Waterﬂood Performance
with Variation
in Permeability Proﬁle”
Schmalz, J.
and Rahme,
H.
Proposed a statistical method for characterizing
the permeability distribution (obtained from static
data) of reservoirs by estimating recovery using
the flow capacity of a layer as well as it’s thickness
(Lorenz coefficient)
SPE-450-PA (pp. 145-
154)
1963 “A Method for Predicting
the Performance of
Unstable Miscible
Displacement in
Heterogeneous Media”
Koval, E Combined the effects of viscosity differences,
channelling and longitudinal dispersion on the
efficiency of unstable completely miscible
displacements in what is called the K-factor
method
SPE-8436-PA 1981 “Taylor’s Dispersion in
Stratified Porous Media”
Larry W. Lake
and George J.
Hirasaki
Proposed the transverse dispersion number and
used it to examine the impact of cross-layer mixing
on vertical sweep
Dynamics of Fluids in
Hierarchical Porous
Media (pp. 243-271)
1990 “Effect of the Structure of
the Porous Medium on
Unstable Miscible
Displacement”
Moissis, D.E.
and Wheeler,
M.F.
Generated permeability fields using a statistical
method so that the permeability fields had
coefficients of variation as well as correlation
lengths
SPE-18438-PA
(pp.487-494)
1990 “Extensions to Dietz
Theory and Behaviour of
Gravity Tongues in Slightly
Tilted Reservoirs”
Fayers F.J.
and
Muggeridge
A.H.
Developed an extended form of the Dietz’s
equation and used the theory to investigate the
onset of viscous fingering using a new
viscous/gravity dimensionless number
In Situ 16:4 (pp. 311–
350)
1992 “Scaling Immiscible Flow
through Permeable Media
by Inspectional Analysis”
Shook, M., Li,
D., and Lake,
L.
Used inspectional analysis to present a general
procedure that will determine the minimum number
of the most succinct dimensionless groups and
used these groups to interpret the breakthrough oil
recovery of three large-scale waterfloods
SPE 27833 1994 “Scaling of Multiphase
Flow in Simple
Heterogeneous Media”
Dengen Zhou,
Fayers F.J.,
Orr F.M. Jr.
Identified dominant flow regimes at various
conditions using three dimensionless numbers
(gravity/viscous ratio, capillary/viscous ratio, and
shape factor)
SPE 26648 1995 “Scaling Fluid Flow
Through Heterogeneous
Permeable Media”
Li, Dachang
and Lake, L.W
Used statistical techniques and inspectional
analysis to develop a method to scale flow through
porous media for an immiscible displacement of oil
by water whilst considering heterogeneity and
spatial correlation
SPE-74139-PA
(pp.299-310)
2001 “Regional Upscaling: A
New Method to Upscale
Waterﬂooding in
Heterogeneous Reservoirs
for a Range of Capillary
and Gravity
Effects”
Coll, C.,
Muggeridge,
A., and Jing,
X.
Used the gravity/viscous and capillary/viscous
dimensionless numbers (Shook et al 1992) to
determine flow regimes in a fine-grid flow
simulation on a cell-by-cell basis. Based on the
spatial locations of the different force regimes
observed in the fine-grid simulation model, the
coarse grid was obtained.
SPE 124625 2009 “A Robust Measure of
Heterogeneity for Ranking
Earth Models: The F-Phi
Curve and Dynamic
Lorenz Coefficients”
Shook, M.G.
and Mitchell,
K.M.
Used streamline time of flight and volumetric flow
rate information from simulation to obtain a flow
capacity diagram and sweep efficiency history
from which five measure of heterogeneity were
obtained. These were then used to establish that
the Lorenz coefficient determined from dynamic
data is the single best measure of heterogeneity
SPE 131602 2010 “Layering and Oil
Recovery: The Impact of
Permeability Contrast,
Gravity, Viscosity and
Dispersion”
Tungdumrong
sub, S. and
Muggeridge,
A.H.
Proposed that the transverse dispersion number
(Lake and Hirasaki 1981) can and should be used
to determine which of vertical or microscopic
sweep efficiency would be dominant in any
displacements where dispersion may have an
impact on recovery
Comput Geosci, Vol.
16, No. 2 (pp. 409-
422)
2012 “Using Vorticity to Quantify
the Relative Importance of
Heterogeneity, Viscosity
Ratio, Gravity and
Diffusion on Oil Recovery”
Rashid B, Bal
A., Williams
G.,
Muggeridge
A.H.
Developed the vorticity-based heterogeneity index
which measures the impact of permeability and
porosity heterogeneity on reservoir performance.
This heterogeneity index was then used to analyze
the relative impacts of heterogeneity, buoyancy
effects, mobility ratio and dispersion on reservoir
performance during first contact miscible gas
injection
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Appendix B – Literature Reviews
SPE (1963) 450-PA
A Method for Predicting the Performance of Unstable Miscible Displacement in Heterogeneous Media
Authors: Koval, E.
Contribution: Combined the effects of viscosity differences, channelling and longitudinal dispersion on
the efficiency of unstable completely miscible displacements in what is called the K-factor method
Objective: To develop the K-factor method for predicting recovery and solvent-cut as a function of pore
volumes of solvent injected.
Methodology: On the assumption that a single parameter can be used to characterize the complicated
dependency of recovery and solvent cut on the viscosity ratio, the K-factor method was mathematically
obtained. This parameter is known as the effective viscosity ratio. In determining the effect of
heterogeneity, a single heterogeneity factor was used which was back-calculated from the K-factor
obtained from experimental data at varying viscosity ratios.
Conclusions:
1. This method satisfactorily predicts the interaction of heterogeneity on viscous fingering.
2. Some evidence of a simple relationship between the K-factor and the Dykstra-Parsons
permeability variation is observed making prediction of performance for miscible displacement
processes in reservoir possible.
Comments: A useful analysis for predicting performance whilst incorporating heterogeneity.
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SPE (1981) 8436-PA
Taylor’s Dispersion in Stratified Porous Media
Authors: Larry W. Lake and George J. Hirasaki
Contribution: Proposed the transverse dispersion number and used it to examine the impact of cross-layer
mixing on vertical sweep
Objectives of the paper: To present the criterion under which Taylor’s dispersion will apply and to
describe the resulting effective dispersion.
Methodology: Explored the close analogy between transverse dispersion in a two-layered medium and
molecular diffusion in a capillary tube. The latter had been studied by Taylor (1953, 1954). From this
analogy, the transverse dispersion number was formulated. The number was verified by solving a
continuity equation using explicit finite differences. This was then used to examine the impact of cross-
layer mixing on vertical sweep by running simulations.
Conclusions:
1. The transverse dispersion number, NTD, indicates where a displacement in a two-layer medium
will lie. When NTD is less than 0.2, the medium behaves with heterogeneous character; when NTD
is greater than 5, the medium behaves as if it were single-layered.
2. For transverse dispersion in a two-layer medium, the displacement is bounded by that of a two-
layer medium with dispersion only occurring longitudinally within each layer, and that of a single-
layer medium having an augmented longitudinal dispersion coefficient.
3. The results readily extend to multilayer systems through a grouping procedure.
Comments: A good way of incorporating dispersion in flow in porous media.
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SPE (1990) 18438-PA
Extensions to Dietz Theory and Behavior of Gravity Tongues in Slightly Tilted Reservoirs
Authors: Fayers F.J. and Muggeridge A.H.
Contribution: Developed an extended form of the Dietz’s equation and used the theory to investigate the
onset of viscous fingering using a new viscous/gravity dimensionless number
Methodology: The Dietz equation was improved on by solving the equation proposed by Sheldon and
Fayers. A new viscous/gravity dimensionless number was then used to identify the onset of viscous
fingering and breakdown of segregated flow. This was done by solving the extended equation with the aid
of a black-oil simulator.
Conclusions:
1. The extensions to the Dietz equations were shown as important.
2. Transverse diffusion plays a huge role in the displacement efficiency of a gravity tongue.
3. The new dimensionless number is appropriate for these gravity-influenced fow regimes.
Comments: A great improvement to the Dietz equation as well as functional dimensionless number
proposed. However, the extension of this to heterogeneous reservoirs is not lucid.
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SPE (1997) 27833
Scaling of Multiphase Flow in Simple Heterogeneous Media
Authors: Dengen Zhou, Fayers F.J., and Orr F.M. Jr.
Contribution: Identified dominant flow regimes at various conditions using three dimensionless numbers
(gravity/viscous ratio, capillary/viscous ratio, and shape factor)
Objectives of the paper: To develop a method for determining the flow regimes at various conditions in a
reservoir.
Methodology: Using Inspectional Analysis (similar to Shook et al 1992), three dimensionless numbers
were obtained (gravity/viscous ratio, capillary/viscous ratio and shape factor. These dimensionless groups
were then used to resolve flow regions considering miscible and immiscible displacements as well as flow
in fractured reservoirs with appropriate bounds for transition between regions specified.
Conclusions:
1. The gravity/viscous ratio and the capillary/viscous ratios defined can be used identifying flow
regions in heterogeneous porous media.
2. Depending on system properties, miscible displacement can be very different in behaviour with
the gravity number having a huge impact on whether flow is viscous dominated or gravity
dominated.
3. Viscous dominated flow in layered porous media can be either vertical crossflow equilibrium or
no-communication depending on the dimensionless groups.
4. Since the capillary to gravity force ratio defines the oil recovery mechanism in fractured systems,
it is important to identify the low regions in the simulation of fractured reservoirs.
Comments: Good description of the development of the dimensionless groups as well as the choice of
boundaries for transition between regions. The form of the dimensionless groups was different from that
obtained by Shook et al but similar to that by Fayers and Muggeridge. However, the impact of
heterogeneity was not included in the analysis. This work produced a cohesive combination of the
dimensionless numbers and the 3-D plot made was good.
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SPE (2001) 74139-PA
Regional Upscaling: A New Method to Upscale Waterﬂooding in Heterogeneous Reservoirs for a Range
of Capillary and Gravity Effects
Authors: Coll, C., Muggeridge, A., and Jing, X.
Contribution: Used the gravity/viscous and capillary/viscous dimensionless numbers (Shook et al 1992)
to determine flow regimes in a fine-grid flow simulation on a cell-by-cell basis. Based on the spatial
locations of the different force regimes observed in the fine-grid simulation model, the coarse grid was
obtained.
Methodology: A fine-grid flow simulation was carried out on a representative section of the reservoir
model. The dimensionless numbers postulated by Shook et al were then calculated in each fine-grid cell.
These values were then used to obtain the flow regimes in each cell. The knowledge of these was then
used to select the coarse-grid model prior to a two-phase Upscaling process.
Conclusions:
1. Local dimensionless numbers can represent the local interplay between capillary, gravity, and
viscous forces, giving local details of the interplay between the forces without any averaging.
2. Small-scale displacement efficiency in a heterogeneous system cannot be properly characterized
by global dimensionless numbers calculated using effective (upscaled) properties.
Comments: Good extension of the benefits of dimensionless numbers to upscaling. Apart from this, not
much contribution is made to the use of dimensionless numbers.
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SPE (2010) 135125
Quantifying the Impact of Permeability Heterogeneity on Secondary Recovery Performance
Authors: Rashid B, Bal A., Williams G., Muggeridge A.H.
Contribution: Developed a new and improved heterogeneity index that uses the shear-strain rate of the
single phase velocity field to characterize heterogeneity in terms of its impact on performance
Objective of the paper: To obtain a better and more functional heterogeneity index number.
Methodology: Obtained a new heterogeneity index using the shear-strain rate of the single-phase Darcy
velocity equation and tested this index by carrying out various simulations to predict some measures of
performance and compared results with those of traditional heterogeneity indices.
Conclusions:
1. The shear-rate heterogeneity index was able to rank field performance for miscible and immiscible
displacements
2. The shear-rate heterogeneity index performed better than the Dykstra-Parsons and dynamic
Lorenz coefficients in predicting performance.
3. The results can easily be extended to three dimensional reservoir models
Comments: They made the following assumptions in validating the index:
1. All phases present are incompressible.
2. Three phases present – oil, water and solvent.
3. Oil and solvent are first contact miscible using quarter-power mixing rule for viscosities.
4. 2 phase Darcy flow.
A good analysis of the improvement made in using the shear-rate heterogeneity index is presented.
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SPE (2010) 131602
Layering and Oil Recovery: The Impact of Permeability Contrast, Gravity, Viscosity and Dispersion
Authors: Tungdumrongsub, S. and Muggeridge, A.H.
Contribution: Proposed that the transverse dispersion number (Lake and Hirasaki 1981) can and should
be used to determine which of vertical or microscopic sweep efficiency would be dominant in any
displacements where dispersion may have an impact on recovery
Objectives of the paper: To investigate the interaction of layering with diffusion, viscosity ratio, viscous
to gravity ration, permeability contrast and anisotropy on oil recovery
Methodology: Various simulations of miscible flooding were carried out for a wide range of the
transverse dispersion number, viscosity ratio, gravity number (Crane et al. 1963), heterogeneity number
(Koval 1963) and anisotropy ratio. The recovery at 1PVI and time to recover 90% of oil in place were
obtained for each run. Viscous fingering was initiated in all simulations by starting each simulation with a
small randomly varying solvent concentration in each grid block adjacent to the injection well.
Conclusions:
1. The transverse dispersion number, NTD, derived by Lake and Hirasaki (1981) for tracer flow
applies to a wide range of fluid properties and flow conditions that are representative of realistic
miscible gas injection schemes (that is if recovery will be controlled by vertical sweep or
microscopic sweep effects because dispersion has wiped out irregularities in the gas-oil interface.
2. Transverse dispersion will dominate recovery when layers are thin and there is a low permeability
contrast between layers.
3. When the transverse dispersion does not dominate flow, it is observed that the permeability ratio is
less important than the viscosity ratio in determining recovery at early times when the
permeability ratio is greater than 5 and the mobility ratio is adverse, layer ordering is important
when gravity dominated flow, the permeability ratio of a two layered system is equivalent to the
Koval heterogeneity factor, and viscous fingering is only observed in the higher permeability layer
for viscous dominated flow and is progressively damped out as vertical permeability decreases.
Comments: A comprehensive description of the effects of permeability contrast, gravity, viscosity and
dispersion using various numbers and ratios.
Using Dimensionless Numbers to Select EOR Processes 25
Computational Geosciences (2012), Vol. 16, No. 2, p. 409-422
Using Vorticity to Quantify the Relative Importance of Heterogeneity, Viscosity Ratio, Gravity and
Diffusion on Oil Recovery
Authors: Rashid, B., Bal, A., Williams, G.J.J. and Muggeridge, A.H.
Contribution: Developed the vorticity-based heterogeneity index which measures the impact of
permeability and porosity heterogeneity on reservoir performance.  This heterogeneity index was then
used to analyze the relative impacts of heterogeneity, buoyancy effects, mobility ratio and dispersion on
reservoir performance during first contact miscible gas injection.
Objectives of the paper: To develop a unified mathematical framework to determine under which flow
conditions reservoir heterogeneity becomes more important than other physical processes.
Methodology: A new heterogeneity index was developed using the vorticity of the velocity displacement
(Heller, 1966). Various simulations of first contact miscible gas/solvent injection were carried out on two-
dimensional layers that were taken from the geologically realistic Model 2 of the 10th SPE Comparative
Solutions Project (Christie and Blunt, 2001). Performance measurements (breakthrough time and recovery
at 1 pore volume injected) were used to quantify the relative impacts of the various effects.
Conclusions:
1. The vorticity of the displacement velocity presents a good illustration of the relative impacts of
gravity, viscosity ratio, dispersion and permeability heterogeneity on the perturbation of the front
during FCM displacement.
2. The dimensionless measure of reservoir heterogeneity varies for most cases from 0 to 1; the larger
the value, the more homogeneous the reservoir.
3. The new heterogeneity index can be combines with the existing dimensionless numbers to
determine the dominant flow regime for realistic systems.
4. When the mobility ratio M»10, viscous fingering and channelling of fluids result in early
breakthrough making the effect of the permeability heterogeneity relatively unimportant.
5. When gravity number G>100, there is reduced dependence of breakthrough time on heterogeneity.
Comments: They made the following assumptions:
1. All phases incompressible.
2. Two-phase Darcy flow.
3. Three components – water, oil, solvent.
4. Oil and solvent FCM – quarter power mixing rule for viscosities.
5. Oil and solvent mix through diffusion instead of dispersion.
6. Ideal mixing for oil and solvent densities.
A detailed analysis of how the dimensionless numbers can be used to identify the dominant flow regime
in a reservoir.
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Appendix C – Input Parameters
The simulations were carried out using MISTRESS, a program written by Bateson, J. in 1985 and was has
been modified by Christie, M.A in 1989 and subsequently by Rashid, B. The input date into MISTRESS
is a *.dat file and sample show below. The absolute permeability data is saved in a *.prn file. The *.hist
file shows the result of each simulation carried out while the *.mout file shows the input parameters that
were used in the simulation. The contour file is a *.vtk file and shows the concentrations, pressure,
saturations, horizontal and vertical permeabilities, velocities, and the horizontal and vertical voracities
contour plots.
TITLE Example data set for MISTRESS pseudos
NGRID 100 100
GSIZE 1.0 0.545
SOLVER ICCGS
VISCW 1.0
VISCO 1.0
VISCS 0.1
DENSITYS 0.5
DENSITYO 1.0
THETA 1.0! IMPLICITNESS PARAM = 1.0 FOR PC AND DIFFUSION TERMS
SINIT 0.00
CINIT 0.00
SWCRIT 0.00
SORSDL 0.00
KROSWC 1.0
KRWSOR 1.0
* NW NO
RELPERM 2.0 2.0
READPERM
MODERANX 1 5427896
* GX GY
GRAV 0.0 -9.8
TOUT 0.2
TOUT 0.4
TOUT 0.6
TOUT 0.8
TOUT 1.0
TOUT 1.2
TOUT 1.4
TOUT 1.5
QINJ 1.0
FRQOUT 1
FRQDBG 10000
FRQRST 5000
* BLX BLY TRX TRY TYPE BHP PI CINJ
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WELL 1 1 1 NY INJN 1.0
* BLX BLY TRX TRY   TYPE BHP    PI
WELL NX 1 NX NY PROD 0.0    100000.0
COUR 0.4
FCTS
FCTC
OUTLEVEL 1
FULLSIZE
END
A sample of the permeability data (*.prn) is as shown below. This represents a two-layered system with
the layers being isotropic. The permeability of the lower layer is 1 and that of the upper layer is 100.
* BLX BLY TRX TRY Kx Ky
1 1 100 50 1 1
1 51 100 100 100 100
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APPENDIX D – CONCENTRATION MAPS AND RECOVERY PLOTS
Figures D-1, D-2 and D-2 show the concentration maps for the scenarios when viscous effects dominate
(G=0.01), neither gravity nor viscous effects dominate (G=1) and gravity effects dominate (G=100)
respectively. In Figure D-1, the viscous effects are evident in the viscous fingers in early time behaviour.
This is exacerbated by the adverse mobility ratio of 10. As more solvent is injected, the viscous fingers
are smeared out. In Figure D-2, an early time formation of gravity tongue is observed with some
dispersion evident. In Figure D-3 where gravity effects dominate, an established gravity tongue is
observed.
Figure D-1: Concentration map for M=10 and G=0.01 for a two-layered system where k=100:1 (more permeable layer above). Layers
are in the direction of flow and perpendicular to gravity (Figure 1a). Solvent is red and oil is blue
Figure D-2: Concentration map for M=10 and G=1 for a two-layered system where k=100:1 (more permeable layer above). Layers are in
the direction of flow and perpendicular to gravity (Figure 1a). Solvent is red and oil is blue
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Figure D-3: Concentration map for M=10 and G=100 for a two-layered system where k=100:1 (more permeable layer above). Layers are
in the direction of flow and perpendicular to gravity (Figure 1a). Solvent is red and oil is blue
(a) (b)
Figure D-4: Recovery at 1PVI as a function of gravity-viscous number when layers are perpendicular to direction of flow (Figure 1b)
with (a) more permeable layer closer to injection well, and (b) less permeable layer closer to injection well. G is
represented by Equation 5 and M=2 and layer thickness ratio (l1/l2) of 0.1.
(a) (b)
Figure D-5: Recovery at 1PVI as a function of gravity-viscous number when layers are perpendicular to direction of flow (Figure 1b)
with (a) more permeable layer closer to injection well, and (b) less permeable layer closer to injection well. G is
represented by Equation 5 and M=2 and layer thickness ratio (l1/l2) of 0.7.
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(a) (b)
Figure D-6: Recovery at 1PVI as a function of gravity-viscous number when layers are perpendicular to direction of flow (Figure 1b)
with (a) more permeable layer closer to injection well, and (b) less permeable layer closer to injection well. G is
represented by Equation 5 and M=10 and layer thickness ratio (l1/l2) of 0.1.
(a) (b)
Figure D-7: Recovery at 1PVI as a function of gravity-viscous number when layers are perpendicular to direction of flow (Figure 1b)
with (a) more permeable layer closer to injection well, and (b) less permeable layer closer to injection well. G is
represented by Equation 5 and M=10 and layer thickness ratio (l1/l2) of 0.7.
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.01 0.1 1 10 100 1000 10000
R
ec
o
v
er
y 
a
t 1
PV
I
Gravity-viscous number
k = 100:1
k = 10:1
k = 2:1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.01 0.1 1 10 100 1000 10000
R
ec
o
v
er
y 
a
t 1
PV
I
Gravity-viscous number
k = 1:100
k = 1:10
k = 1:2
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.01 0.1 1 10 100 1000 10000
R
ec
o
v
er
y 
a
t 1
PV
I
Gravity-viscous number
k = 100:1
k = 10:1
k = 2:1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.01 0.1 1 10 100 1000 10000
R
ec
o
v
er
y 
a
t 1
PV
I
Gravity-viscous number
k = 1:100
k = 1:10
k = 1:2
